Caffeine is often used to counteract sleepiness generated by sleep deprivation, jet lag, and shift-work, and is consumed at different times of day. Caffeine also has effects on sleep. However, little is known about the interaction between sleep deprivation, circadian timing, and caffeine consumption on sleep. In this study, we compared the effects of caffeine on nocturnal sleep initiated at habitual circadian time and on daytime recovery sleep. Thirty-four moderate caffeine consumers participated in both caffeine (200 mg) and placebo (lactose) conditions in a double-blind crossover design. Seventeen subjects followed their habitual sleep-wake cycle and slept in the laboratory during the night (Night), while 17 subjects were sleep deprived for one night and recovery sleep started in the morning (DayRec). All subjects received a capsule of 100 mg of caffeine (or placebo) 3 h before bedtime, and the remaining dose 1 h before bedtime. Compared to placebo, caffeine lengthened sleep latency, increased stage 1, and reduced stage 2 and slow-wave sleep (SWS) in both groups. However, caffeine reduced sleep efficiency more strongly in the DayRec group, and decreased sleep duration and REM sleep only in that group. The stronger effects of caffeine on daytime recovery sleep compared to nocturnal sleep are probably the consequence of the combined influence of increasing circadian wake propensity drive and the dissipation of homeostatic sleep pressure. We propose that the reduction of SWS by caffeine during daytime sleep increases the impact of the circadian wake signal on sleep. These results have implications for individuals using caffeine during night time. Neuropsychopharmacology (2007) 32, 964-972.
INTRODUCTION
Caffeine is considered to be the most widely used psychoactive drug today. Consumption from all sources can be estimated to be approximately 210-238 mg/day/ person in Canada and the US (Barone and Roberts, 1996) . Studies have shown that the ingestion of 100-400 mg of caffeine in the evening increases sleep latency and sleep motility, decreases sleep consolidation, and reduces the amount of slow-wave sleep (SWS) (Bonnet and Arand, 1996; Brezinova, 1974; Karacan et al, 1976; Kelly et al, 1997; Landolt et al, 1995) . Studies show that the most probable biochemical mechanism of the effects of caffeine on sleep is the blockade of A1 and A2a adenosine receptors (Fredholm et al, 1999) .
Moderate doses of caffeine reduce reaction time on performance tasks, improve subjective alertness, and diminish self-reported fatigue and sleepiness (Landolt et al, 2004; Reyner and Horne, 2000; Van Dongen et al, 2001; Walsh et al, 1990; Warburton, 1995; Wyatt et al, 2004) . Consequently, caffeine is consumed at different times of the day and night to help counteract the effects of sleep deprivation and circadian phase misalignment (jet lag, night work) on vigilance. However, little is known about the interaction between sleep deprivation, circadian timing, and caffeine consumption on sleep. Two animal studies showed that caffeine reduces sleep depth and sleep continuity of recovery sleep, following sleep deprivation (Schwierin et al, 1996; Wurts and Edgar, 2000) . In humans, one study has shown minimal effects of caffeine on nocturnal recovery sleep after 64 h of sleep deprivation (Beaumont et al, 2005) . Using quantitative sleep electroencephalogram (EEG), a recent study by Landolt et al (2004) has shown that the administration of two doses of caffeine during a 40-h sleep deprivation significantly reduces EEG power in the 0.75-2.0 Hz band and enhances power in the 11.25-20.0 Hz range relative to placebo during recovery night. Only two human studies have evaluated the effects of caffeine on daytime recovery sleep following one night of sleep deprivation (LaJambe et al, 2005; Muehlbach and Walsh, 1995) . In one study, no effect of caffeine on daytime recovery sleep was found (Muehlbach and Walsh, 1995) , while in the other study caffeine reduced SWS and sleep duration, and increased wakefulness during recovery sleep (LaJambe et al, 2005) . These conflicting results may be explained by different caffeine levels in the body at bedtime, since in the first study caffeine was administered more than 8 h before daytime recovery sleep, while in the second study the last dose of caffeine was taken 2 h before sleep.
According to contemporary models of sleep-wake cycle regulation, the interaction of homeostatic and circadian processes regulates the sleep-wake cycle (Achermann et al, 1993; Borbély and Achermann, 2000; Broughton, 1998; Daan et al, 1984) . The homeostatic process represents the accumulation of sleep pressure with increasing time awake and its dissipation during a sleep episode. The circadian process represents the rhythmic variation of sleep and wake propensity over 24 h. Studies have shown important differences in sleep variables between habitual night time sleep and daytime sleep initiated after a sleep deprivation (Akerstedt, 1984; Gaudreau et al, 2001; Weitzman and Kripke, 1981) . The interaction between the homeostatic and the circadian processes underlies these differences. Hence, elevated homeostatic sleep pressure induced by sleep deprivation accounts for a higher amount of SWS in daytime recovery sleep compared to night time sleep (Achermann et al, 1993) . Despite the deprivation of sleep, daytime recovery sleep is more fragmented and shorter than night time sleep because it is initiated at a point in the circadian rhythm when the biological clock is providing an increasing wake signal (Dijk and Czeisler, 1994) . The higher amount of wakefulness during daytime recovery sleep compared to night time sleep is more prominent at the end of the sleep episode, at the expense of stage 2 and REM sleep (Gaudreau et al, 2001) .
In a previous report, we suggested that the amount of SWS or homeostatic pressure is critical for the ability to maintain sleep when the biological clock is promoting wakefulness, such as during daytime (Gaudreau et al, 2001 ). According to this hypothesis, the amount of SWS helps sleep to override the increasing circadian wake signal that is found during daytime. Consequently, the effects of caffeine on sleep consolidation during daytime recovery sleep should be stronger compared to nocturnal sleep, because the reduction of SWS reduces the ability to maintain sleep during daytime. The aim of the present study was to compare the effects of caffeine on nocturnal sleep initiated at habitual circadian time as well as on daytime recovery sleep. Since caffeine decreases SWS, we predicted that the effects of caffeine on the sleep consolidation parameters would be stronger when administrated before daytime recovery sleep than before habitual nocturnal sleep.
EXPERIMENTAL PROCEDURE Subjects
Thirty-four moderate caffeine consumers (equivalent to one to three cups of coffee per day) participated in these studies. All subjects were in good health according to their medical history. They were all non-smokers, and were not consuming any drug or medication that affect the sleep-wake cycle. Blood sample analysis (complete blood count, serum chemistry including hepatic and renal functions, levels of prolactine, levels of testosterone in men, and levels of estrogen, FSH and LH in women) and urinalysis results were verified by a physician for any significant abnormalities. All subjects were negative on a THC screening test. Other exclusion criteria were the presence or history of a psychiatric or neurological illness, a body mass index (BMI) greater than 28.5, and transmeridian travelling or night work in the three months before the study.
None of the subjects reported any sleep problems. Each participant underwent a polysomnographic (PSG) screening night in the laboratory, during which EEG, electromyogram (EMG), and electrooculogram (EOG) were recorded. A nasal/oral thermistor and EMG leg electrodes were also used to screen for breathing and sleep movement disorders. The presence of sleep disturbances such as sleep apneas and hypopneas (index per hour410), periodic leg movements (index per hour410), prolonged sleep latency (430 min), or low sleep efficiency (o85%) resulted in the exclusion of the participant. Subjects were instructed to abstain from alcohol and medication during the laboratory component of the experiment.
While the study included both pre-and postmenopausal women, perimenopausal women as well as women using hormonal contraceptives or receiving hormonal replacement therapy were excluded. Premenopausal women reported having regular menstrual cycles (25-32 days) during the year preceding the study, had no vasomotor complaints (ie hot flashes, night sweats) and showed low FSH levels (o20 iU/L). These women started the laboratory sessions during the follicular phase of their menstrual cycle. All postmenopausal women reported an absence of menses during the past year, and their FSH levels were above 20 iU/L. This research project was approved by the hospital's ethics committee. All subjects signed a consent form providing detailed information about the nature, purpose, and potential risks of the study, and received financial compensation for their participation.
Research Protocol
Subjects were divided into two groups (matched for age and gender): (1) Night group (n ¼ 17; 10 women, 7 men; mean age ¼ 37.2 years, SEM ¼ 3.5) and (2) DayRec group (n ¼ 17; 10 women, 7 men, mean age ¼ 39.9 years, SEM ¼ 3.8). BMI did not differ between the two groups (Night group: mean ¼ 23.02, SEM ¼ 0.7; DayRec group: mean ¼ 23.6, SEM ¼ 0.7; NS). Figure 1 illustrates the research protocol for each group. Procedures were similar for the two groups. Exceptions were the time of day of caffeine/placebo administration, and the timing of the sleep episode. Subjects in the Night group followed their habitual sleep-wake cycle and slept in the laboratory during the night, while subjects in the DayRec group were sleep deprived for one night (25 h of wakefulness) and recovery sleep started in the morning, 1 h after their habitual wake time. All subjects participated in both the caffeine (200 mg) and placebo (lactose in identical capsules) conditions, with a double-blind crossover design. This dose of caffeine is considered to be moderate, and is known to produce significant effects on sleep (Landolt et al, 1995) . Subjects received one capsule containing either caffeine (100 mg) or placebo 3 h prior to their bedtime, and the remaining dose of caffeine (100 mg) or placebo was administered 1 h before bedtime.
One week prior to each laboratory condition, subjects were instructed to keep a regular sleep-wake pattern within 30 min of their habitual sleep-wake schedule, and to maintain their habitual caffeine intake. Subjects kept the same sleep-wake schedule for each condition. During this time, they were asked to complete the French version of the 'Pittsburgh Sleep Diary' (Monk et al, 1994) , and to report the amount as well as the different caffeinated products they had consumed (ie coffee, tea, chocolate, etc.). The mean number of milligrams of caffeine consumed per day was approximated for each subject according to the following criteria: 250 ml of coffee ¼ 100 mg caffeine; 250 ml of tea ¼ 50 mg of caffeine; 250 ml of cola ¼ 35 mg of caffeine; 10 g of chocolate ¼ 5 mg of caffeine. Subjects also reported alcohol intakes on the sleep diaries. Mean daily alcohol intake for the week prior to each laboratory session was low and did not differ between the groups (Night group: mean ¼ 0.6 drinks, SEM ¼ 0.1; DayRec group: mean ¼ 0.7, SEM ¼ 0.2; NS). On experimental days, subjects were required to abstain from alcohol, medication, and naps, and were permitted to maintain their habitual caffeine consumption in the morning, in order to prevent potential effects of caffeine withdrawal. Starting at noon, subjects stopped consuming caffeinated beverages and foods.
Subjects in the Night group came to the chronobiology laboratory for two sessions. Each session (caffeine, placebo) was separated by 6-9 days. Subjects arrived in the laboratory at the end of the afternoon. Bed and wake times in the laboratory were based on the subject's habitual sleepwake cycle, averaged from their sleep diary. Subjects in the DayRec group came to the laboratory for two sessions, which were separated by a month to make sure that the effects of sleep deprivation were dissipated and to study women in a similar menstrual phase in both conditions. For each session (caffeine, placebo), subjects came to the laboratory for one baseline night. Following their departure from the laboratory in the morning, subjects performed their regular activities until the end of afternoon, at which point they came back to the chronobiology laboratory. Subjects then remained awake in bed until the next morning. A research assistant was present at all times to make sure subjects were not falling asleep. A morning recuperative sleep episode was initiated 1 h after their habitual wake time (following 25 h of wakefulness). Subjects were asked to stay in bed for their habitual sleep duration.
In both groups, subjects stayed awake in bed in a semirecumbent position in dim light (o15 lux) from the time they arrived at the laboratory until bedtime. They were only permitted to get out from bed to go to a washroom, which was situated less than 10 feet from the bed.
Measures
Salivary caffeine concentration. Saliva was collected using the Salivette devices (Sarstedt, Inc.), and was then centrifuged and frozen immediately. Each subject provided a saliva sample 2.5 h before the first caffeine/placebo capsule, 5 min before bedtime, and 5 min after wake time. A rapid high-performance liquid chromatographic (HPLC) method was used for the analysis of caffeine in saliva (Alkaysi et al, 1988) . The HPLC system consisted of a Spectra SYSTEM pump and a spectra SYSTEM UV detector (Thermoseparation Products Inc.). Ultrasphere (5 mm) column (250 Â 4.6 mm, Beckman) was used for the separation. The mobile phase was made of 0.05 M ammonium acetate buffer: acetonitrile methanol (82 : 15 : 3, v/v). The flow rate was set to 1 ml/min and the injection volume was set at 50 ml. The detection wave length was 254 nm. The concentrations of caffeine solution used for the standard curves were 0.5, 0.25, 0.125, 0.1, and 0.05 mg/ml. Standard curves were constructed by plotting concentration vs area Caffeine's effects on daytime and nocturnal sleep J Carrier et al under the curve. The retention time of caffeine was 5 min. The limit detection was 0.024 mg/ml. The intra-and interassay coefficients of variation were below 7%. 
Statistical Analyses
To evaluate group differences in salivary caffeine concentration, a three-way ANOVA with one independent factor (Group: Night and DayRec) and two repeated measures (Condition: placebo and caffeine; and Time: baseline, bedtime and wake time) were performed. Since the morning measure was missing for one subject in each group, this analysis was performed with the 32 remaining subjects. Two-way ANOVAs with one independent factor (Group: Night and DayRec) and one repeated measure (Condition: placebo and caffeine) were performed to evaluate differences on habitual caffeine consumption (log transformed) and PSG sleep variables. To evaluate differences in sleep per third of the bedtime period, three-way ANOVAs with one independent factor (Group: Night and DayRec) and two repeated measures (Condition: placebo and caffeine; and Part of the bedtime period: 1/3, 2/3, 3/3) were performed. Due to an abnormal distribution total wake time, some sleep variables were log transformed (sleep latency, REM latency, % and min stage 1 sleep, % and min SWS, % stage 2 sleep). Minutes of wakefulness, REM sleep and SWS per third of the bedtime period were squared-root transformed. Simple effects analyses were performed when significant interactions were found. p-values for repeated measures with more than two levels were adjusted for sphericity with Huynh-Feldt correction.
RESULTS
Habitual Sleep-Wake Cycle and Caffeine Consumption Table 1 presents mean habitual wake time, bedtime, and approximated daily caffeine consumption in the Night and DayRec groups, for the week prior to the placebo and caffeine conditions. Means of wake times and bedtimes in the laboratory are also presented for each group and each condition. There were no significant effects for group or condition or interactions for these variables. Figure 2 illustrates salivary caffeine concentrations at baseline, bedtime, and wake time in the Night and DayRec groups, for the placebo and caffeine conditions. A significant interaction between group, condition, and moment was found (F(2,60) ¼ 7.5; p ¼ 0.001; e ¼ 1). At baseline, there was a significant group effect (F(1,30) ¼ 41.1; po0.001). The Night group showed higher caffeine concentration than the Caffeine's effects on daytime and nocturnal sleep J Carrier et al DayRec group. At bedtime, there was a significant interaction between group and condition (F(1,30) ¼ 25.4; po0.001). Caffeine concentrations were higher in the caffeine condition than in the placebo condition for both groups (F(1,30)460.0; po0.001 for both groups). In the placebo condition, caffeine concentration was higher in the Night group than in the DayRec group (F(1,30) ¼ 17.9; po0.001), while caffeine concentration did not differ between the two groups in the caffeine condition. At wake time, caffeine concentration was higher in the caffeine condition compared to the placebo condition (F(1,30) ¼ 231.5; po0.001), as well as in the Night group compared to the DayRec group (F(1,30) ¼ 6.8; po0.02). Figure 3) . Figure 4 illustrates the number of minutes of wakefulness, REM sleep, and SWS per third of the sleep episode, for the two groups as well as the two conditions. A significant interaction between group, condition, and part of the sleep episode was found for the number of minutes of wakefulness (F(2,64) ¼ 4.5; p ¼ 0.02; e ¼ 1). Simple effects showed that caffeine increased the amount of wakefulness in the first third of the sleep episode (F(1,32) ¼ 20.9; po0.001). In the 2/3 of the sleep episode, there was a significant interaction between group and condition (F(1,32) ¼ 19.2; Number of minutes of wakefulness in the last third of the sleep episode was higher in the caffeine condition compared to the placebo condition, and was higher in the DayRec group compared to the Night group. A significant interaction between group and condition (F(1,32) ¼ 11.3; po0.002), and between group and third of the sleep episode (F(2,64) ¼ 24.2; po0.001; e ¼ 1) was found for the number of minutes of REM sleep. Only the DayRec group showed a significant decrease of REM sleep following caffeine administration (F(1,32) ¼ 21.2; po0.001). Also, the DayRec group showed less REM sleep than the Night group in the second third (F(1,32) ¼ 43.5; po0.001) and last third (F(1,32) ¼ 30.4; po0.001) of the sleep episode, but not in the first third. A significant interaction between group, condition, and part of the sleep episode was found for the number of minutes of SWS (F(2,64) ¼ 4.4; p ¼ 0.02; e ¼ 0.82). Simple effects showed that caffeine decreased the amount of SWS in the first third of the sleep episode (F(1,32) ¼ 6.5; po0.02). In the second third of the sleep episode, there was a significant interaction between group and condition (F(1,32) ¼ 9.9; po0.004), showing a decreased amount of SWS only in the DayRec group (F(1,32) ¼ 11.8; po0.002). The last third of the sleep episode showed a significant effect for group (F(1,32) ¼ 4.7; po0.04). Number of minutes of SWS was higher in the last third of the night in the DayRec group compared to the Night group.
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DISCUSSION
Caffeine lengthened sleep latency, increased the percentage of stage 1 sleep, and decreased the number of minutes of stage 2 sleep and of SWS similarly during daytime recovery sleep and nocturnal sleep. The effects of caffeine on such sleep variables have been reported in several studies (Drapeau et al, 2006; Karacan et al, 1976; Landolt et al, 1995) . Our study further demonstrates that these effects were not modulated by differences in homeostatic sleep pressure and circadian phase between the two groups. Compared to habitual nocturnal sleep, sleep latency and minutes of stage 2 sleep were reduced and the percentage of SWS was enhanced during daytime recovery sleep, regardless of the condition (placebo or caffeine). These effects are in agreement with previous studies on daytime recovery sleep (Gaudreau et al, 2001; Weitzman and Kripke, 1981) , and are explained by differences in homeostatic pressure and circadian phase between the two groups (Achermann et al, 1993; Dijk and Czeisler, 1994) . Importantly, caffeine decreased sleep efficiency more strongly when administered before daytime recovery sleep than before nocturnal sleep. In addition, caffeine reduced Caffeine's effects on daytime and nocturnal sleep J Carrier et al total sleep time, the number of minutes of wakefulness, and both minutes and percentage of REM sleep only when administered before daytime recovery sleep. The more pronounced effects of caffeine on sleep at a time when the biological clock is sending an increasing waking signal were observed despite the fact that subjects were sleep deprived prior to daytime recovery sleep. A nonlinear interaction of the circadian and the sleepdependent components of sleep propensity has been reported in forced desynchrony studies (Dijk and Czeisler, 1994) . These studies have shown that the last portion of a sleep episode (when homeostatic sleep pressure is low) is more vulnerable to a circadian phase of high wake propensity than is the beginning of a sleep episode (when homeostatic sleep pressure is high). In the present study, daytime recovery sleep episode occurred at a circadian time of increasing wake propensity. The higher amount of wakefulness observed during daytime recovery sleep compared to nocturnal sleep was more prominent at the end of the sleep episode. This is because as the daytime recovery sleep episode progressed, homeostatic sleep propensity decreased and circadian wake propensity increased, leading to more awakenings. Interestingly, the stronger effect of caffeine on the amount of wakefulness during daytime recovery sleep was observed after the first part of the sleep episode. This stronger increase of wakefulness in the DayRec group was accompanied by a reduction of total sleep time at the expense of REM sleep, while caffeine did not influence total sleep time or the amount of REM sleep in the Night group. The decrease of REM sleep in the DayRec group occurred after the first third of the night, when the increase of wakefulness by caffeine was more prominent. The stronger effects of caffeine on daytime recovery sleep compared to nocturnal sleep are probably modulated by the combined influence of increasing circadian wake propensity drive and the dissipation of homeostatic sleep pressure. Further studies using procedures where the number of hours of wakefulness before the sleep episode is kept constant over different circadian phases (eg the forced desynchrony protocol) will be necessary to evaluate the relative contribution of these two factors. One study using forced desynchrony have reported that sleep efficiency might be more affected by caffeine when melatonin secretion is low but complete analysis on sleep were not performed (Wyatt et al, 2004) .
The elevated homeostatic sleep pressure induced by sleep deprivation accounts for a higher amount of SWS in daytime recovery sleep compared to night time sleep (Achermann et al, 1993; Gaudreau et al, 2001) . Caffeine reduced total amount of SWS in both groups, but more strongly in the second third of the sleep episode in the DayRec group compared to the Night group. The stimulant effects of caffeine on the central nervous system at doses obtained through normal human consumption are due to caffeine's ability to antagonize adenosine receptors (Fredholm et al, 1999) . Numerous reports have corroborated that adenosine is a neuromodulator that is involved in sleep regulation Benington et al, 1995; Porkka-Heiskanen et al, 1997; Radulovacki et al, 1982 Radulovacki et al, , 1985 Satoh et al, 1996 Satoh et al, , 1999 Scammell et al, 2001; Schwierin et al, 1996; Strecker et al, 2000; Ticho and Radulovacki, 1991; Urade et al, 2003) . It has recently been proposed that in humans, caffeine mimics the effects of a reduction in sleep homeostasis during prolonged wakefulness (Landolt et al, 2004) . Recently, we suggested that the amount of SWS or homeostatic pressure during recovery daytime sleep is critical to 'override' the circadian waking signal (Gaudreau et al, 2001 ). According to this hypothesis, the daytime circadian signal is more likely to disturb sleep as the homeostatic pressure during daytime recovery sleep is decreased. This interpretation is in line with a recent animal study showing an increase in the firing rate of the suprachiasmatic nucleus during EEG SWS deprivation (Deboer et al, 2003) . Accordingly, in our study, the reduction of SWS by caffeine administration was expected to increase the impact of the waking circadian signal on daytime sleep. Our results were consistent with that hypothesis and showed a steep increase in wakefulness in the caffeine condition compared to the placebo condition in the DayRec group, especially in the second third of the sleep episode when the difference in SWS between the two conditions was more prominent. As expected for the Night group, the reduction in SWS by caffeine had less impact on sleep consolidation parameters since sleep occurred at a time when the circadian waking signal was decreasing.
In our study, subjects were instructed to stop using caffeine at noon. Since baseline salivary samples were collected at a later time in the DayRec group (during the night) than in the Night group (during the evening), more time elapsed since the last caffeine consumption in the DayRec group. This explains the lower caffeine levels in the DayRec group than in the Night group (Figure 2) . Because of this, the difference at bedtime in caffeine levels between the caffeine and placebo conditions was more prominent in the DayRec group than in the Night group. However, we do not believe that this difference could explain the stronger effects of caffeine on sleep in the DayRec group. As shown in Figure 2 , this difference decreased in the course of the sleep episode and the two groups showed at wake time the same difference in caffeine levels between the placebo and the caffeine conditions. This contrasts with the effects of caffeine on sleep parameters, which were similar in the two groups at the beginning of sleep but stronger in the DayRec group in the later parts of the sleep episode.
In conclusion, the effects of caffeine on sleep consolidation and REM sleep are more prominent when caffeine is consumed before daytime recovery sleep than before nocturnal sleep. The stronger effects of caffeine on daytime recovery sleep compared to nocturnal sleep are probably the consequence of the combined influence of increasing circadian wake propensity drive and the dissipation of homeostatic sleep pressure in the course of the sleep episode. We propose that the reduction of SWS by caffeine during daytime sleep increases the impact of the circadian wake signal on sleep. Recent studies have suggested that caffeine is a measure of choice to counteract the effects of sleep deprivation on alertness and performance (Beaumont et al, 2005) . Our results suggest that this recommendation should be made with cautious since using caffeine before sleeping at an abnormal circadian phase, such as during night work, might have more adverse consequences on sleep quality than before sleeping at a normal circadian time.
